Animal studies show that transforming growth factor-b1 (TGF-b1) is an important mediator of atrial fibrosis and atrial fibrillation (AF). This study investigated the role of TGF-b1 in human AF and the mechanism of atrial-selective fibrosis.
Introduction
Atrial fibrillation (AF) is the most common arrhythmia, is the most common cause of stroke, substantially reduces quality of life, and nearly doubles mortality. 1 While risk factors for the disease have been well established, the underlying aetiology remains poorly understood. 2 Atrial fibrosis is known to be an important substrate for AF 3 -9 ; but the underlying mechanisms have not yet been fully elucidated. Understanding the pathways responsible for this fibrotic substrate may lead to a new paradigm for preventing and treating AF.
While TGF-b1 is elevated in animal models of AF, 5, 10 it is not known whether this elevation is causative or a result of AF. Studies of serum levels of TGF-b1 in human AF have been conflicting, likely due to the complex relationship between tissue activity and release of the protein into the blood stream. 11 -14 Although fibrosis has been observed in the atria of AF patients, 7, 9, 15 the role of TGF-b1 in human AF has not previously been studied directly at the source, atrial tissue. We have shown that a transgenic mouse overexpressing constitutively active TGF-b1 develops atrial fibrosis without any ventricular fibrosis and AF, 16 but the molecular basis for this selective fibrosis remains unknown. We sought to determine whether TGF-b1 activity is associated with AF in humans and then exploited the alpha-MHC-cys 33 ser TGF-b transgenic mouse model 6, 17 to investigate the molecular basis for atrial susceptibility to TGF-b1-induced fibrosis. † The first two authors contributed equally to this manuscript.
Methods

Human samples
Right atrial samples were obtained from 17 patients undergoing open heart surgery for coronary artery bypass grafting (CABG) and were immediately flash-frozen in liquid nitrogen. Patients with a recent myocardial infarction or other inflammatory diseases as well as those who were immunosuppressed were excluded. Past medical history was determined by chart review and patient interviews. Pre-existing AF was determined by chart review and confirmed by interpretation of 12-lead electrocardiograms by a board-certified cardiologist. Post-operative AF (lasting at least 30 s) was detected by continuous telemetry monitoring and tracings were confirmed by a board-certified cardiologist.
To study the effects of human heart failure on TGF-b1 levels in atria and ventricles, failing hearts removed from heart transplant recipients and flash frozen in liquid nitrogen were used. For a control comparison group, similarly harvested hearts from healthy patients who died of noncardiac causes were collected through the California Transplant Donor Network. All tissue was collected while the patient was haemodynamically stable utilizing standards for organ procurement.
All work was approved by the UCSF Committee on Human Research (IRB Number: 10-04430) and followed the principles of the Declaration of Helsinki.
Animals
For studies of RNA and protein, MHC-TGFcys 33 ser mice were generated and bred as previously described. 17 Experiments were performed in 15 transgenic (Tx) mice and 15 wild-type (Wt) littermates controls at 16 weeks of age. All studies were approved and monitored by the UCSF Laboratory Animal Resource Centerand conformed to the 'Guide for the Care and Use of Laboratory Animals" (National Institutes of Health publication, 8th Edition, 2011).
Immunoblotting and histology
Twenty-five micrograms of protein were electrophoresed on 12% Tris-Glycine-polyacrylamide gels and transferred onto polyvinylidene difluoride membrane. For human tissue, membranes were incubated with mouse monoclonal antibody (Chemicon International) against the proteins. For mouse tissue, membranes were incubated with rabbit polyclonal antibody against the proteins shown in Supplementary material online, Table S4 . Goat polyclonal anti-b actin antibody at 1:5000 dilutions was used as a loading control. Membranes were then incubated with horseradish peroxidase-conjugated goat anti-mouse antibody (human tissue) or goat anti-rabbit antibody (mouse tissue) for 1 h, and then washed with Tris-buffered saline/Tween. Blots were immersed for 2 min in enhanced chemiluminescence detection reagent, exposed to film, and quantified by densitometry (standardized to the b-actin band). Histology and fibrosis quantification was performed as previously described. 6 Whole hearts were sectioned, fixed, and stained with Sirius red/fast green. Fibrosis was quantified by measuring red pixel content of digitized photomicrographs relative to total tissue area.
Mink lung epithelial cell assay of TGF-b1 activity
A mink lung epithelial cell (MLEC) assay was used to measure active TGF-b1. A stable line of MLEC transfected with p800LUC vector containing 2799 to +71 of the 5 ′ end of the human PAI-1 gene followed by the firefly luciferase gene was used. 18 These cells were plated at 5 × 10 5 per well and cultured for 8 h and then treated with either rhTGF-b1 (5 ng/mL), 0.01 g/ well of tissue, and in the presence or absence of anti-TGF-b1 antibody for 15 h. Cell lysates were assayed for luciferase as described previously. 19 Results are expressed as percentage changes of hPAI-1-LUC promoter activity in the absence of TGF-b1 or tissues, normalized for protein level.
In vivo inhibition of TGF-b RI
In order to determine that the atrial fibrosis was due to TGF-b1 overexpression and not a non-specific effect of the model, five Tx mice were treated with the TGF-b1 Receptor 1 kinase inhibitor, Ki26894 (Kirin Pharma; 50 mg/kg; twice/day via IP injections). 20 Five additional untreated Tx mice and five untreated Wt mice were also used for comparison. Hearts were harvested after 5 days of treatment and total RNA was extracted separately from the atria and ventricles of all three groups.
2.6 RNA preparation and hybridization to microarray 
qRT-PCR analysis
Total RNA isolated from atria and ventricles of both Wt (5) and Tx (5) mice were analysed by qRT-PCR to validate findings of the microarray of selected mRNA. One microgram of RNA was used to reverse transcribe cDNA (Clontech, Palo Alto, CA, USA). Agarose gel electrophoresis was used to assure near equivalent levels of cDNA synthesis. The targeting genes and GAPDH were synthesized by Applied Biosystems, Inc. Real-time PCR was performed using Taqman master mix (Applied Biosystems, Inc.) with an ABI 7300 (Applied Biosystems, Inc.). Negative controls without input cDNA were used to assess signal specificity. All gene transcript levels were quantified and normalized for GAPDH transcript levels in each sample. Equivalent amounts (0.5 mL) of cDNA were used for measurement of targeting genes and GAPDH gene transcripts. All samples were amplified in triplicate. Relative quantification was achieved by the comparative: 2 -DDCt method . 21 The relative increase/decrease (fold-induction/repression) of mRNA of target x in the experimental group was calculated using the control group as the calibrator: 2
-Ct
, where cycle threshold (C t ) is:
Mouse electrophysiologic studies
AF inducibility studies were performed in intact animals as previously described. 16 Mice were anaesthetized by intraperitoneal injection of urethane (2 g/kg) and surface ECGs (standard limb leads) were recorded. A 4 French quadripolar catheter was advanced through the oesophagus for atrial pacing. Inducibility of atrial arrhythmias was tested by transoesophageal burst pacing, for 2 s, with a cycle length ranging from 40 to 20 ms with a 2 ms decrement. AF was defined as a period of rapid irregular atrial rhythm lasting at least 2 s. At the end of the AF inducibility pacing studies, the mice were given heparin and hearts were removed and randomized to either the histology group or immediately used for optical mapping.
Optical mapping was performed using Langendorff perfused hearts as previously described 16, 22 After the heart was rapidly excised, it was arrested by immersion in cold cardioplegia solution. The aorta was cannulated and retrogradely perfused for retrograde perfusion at a pressure of 60 -100 mmHg with modified Krebs -Henseleit solution. The pacing electrodes were sutured to each of the right atrium, left atrium, and left ventricle apex. The cannulated heart was then placed in 378C Tyrode solution in a temperature-controlled optical recording chamber (maintained
at 378C) and optical mapping was modified from previous described. 22 Ten thousand simultaneous optical action potentials (APs) were recorded with a 100 × 100 CMOS camera (Ultima, SciMedia) within a 6 × 6 mm mapping field for atria and 10 × 10 mm for left ventricles after perfusion with 5 mL of 4 mM stock solution of the voltage-sensitive dye Di-4_ANEPPS and 4 mmol/L blebbistatin to eliminate motion artefacts. The tissue was excited using light from a 1000-W tungsten-halogen light source through an excitation filter of 530 nm and transmitted light collected via the CMOS through an emission long-pass filter of .630 nm. Fluorescent optical maps were acquired at 2000 Hz during programmed electrical stimulation. Mapping was recorded during pacing drives of 150, 120, 90, 80, and 60 ms, as well as during S1-S2 pacing using a pacing cycle length of 100 ms (atrium) or 150 ms (ventricle) and maximum S2 of 50 ms decremented by 1 ms. The effective refractory period (ERP) was determined in the LA and LV with a 2 s basic conditioning drive, followed by a single extrastimulus, progressively decremented by 1 ms intervals until loss of capture. Optical mapping data were analysed as previous described 16, 22 using OMproCCD software (courtesy of Bum-rak Choi, Providence, RI, USA) and custom made Matlab software. Conduction was analysed using conduction vectors and isochronal activation. 16, 22, 23 The conduction velocities were summarized at 50th
percentile (P50), the 5th and 95th percentiles (P5 and P95, respectively) of the distribution. Conduction heterogeneity index (P95-P5)/P50 was used to evaluate heterogeneity of CV, as previously published. 16, 23, 24 AP duration was evaluation at 10, 50, 80, and 90% recovery as well as the dF/dt using the optically derived APs.
Statistical analysis
Normally distributed continuous variables are expressed as means + SD and compared using t-tests. Proportions were compared using the x 2 test.
For the analysis of RNA microarray data, we employed 2 × 2 ANOVA models to identify differentially expressed genes between Tx and Wt, and between atrial and ventricular. Pair-wise comparisons of treatment groups were performed by forming specific contrasts of interest. Fold differences were calculated from the estimated log ratios. We computed moderated t-statistics, 25 log-odds ratios of differential expression (based on empirical Bayes shrinkage of the standard errors towards a common value), and adjusted P-values (obtained using the Bonferroni correction) using functions in the limma library of the Bioconductor software package. 25 Differentially expressed genes (DE genes) were selected using adjusted P-values ≤ 0.05. Two-tailed probability values , 0.05 were considered statistically significant.
Results
TGF-b1 in human atrial tissue
Of the 17 patients undergoing open heart surgery, 2 had previous AF, and 4 developed subsequent AF. Right atrial appendage TGF-b1 protein content was significantly greater in AF patients ( Figure 1A and B), whether comparing all AF patients (2.62 + 1.04-fold, P ¼ 0.0022) or only those who later developed AF (2.34 + 1.20-fold, P , 0.033) to those without AF (1.09 fold + 0.68). The MLEC assay revealed that atria from AF patients exhibited significantly more active TGF-b1 (3.7 + 0.7-fold control compared with 2.8 + 0.5-fold controls in those without AF, P ¼ 0.013; Figure 1C ). Atrial TGF-b1 activity in those that later developed AF (4.1 + 0.5 fold control) was by itself significantly larger than that observed in those without any AF (2.8 + 0.5-fold control, P ¼ 0.0004).
To determine the effects of heart failure-known to cause atrial remodelling predisposing to AF-on TGF-b1 expression in the atria and ventricle, we evaluated 11 failing hearts and 6 non-failing hearts. Atrial TGF-b1 levels were significantly elevated in the failing hearts compared with the non-failing hearts (2.99 + 0.44-fold higher, P , 0.0001; Figure 1D and E), whereas ventricular TGF-b1 levels were not significantly different between the two groups. Atrial TGF-b1 levels were significantly higher than ventricular levels (P , 0.0001) only in the failing hearts. In addition, atrial expression levels of TGF-b1 signalling-related genes, including pSmad2, Smad6, and AngII, were significantly increased in failing hearts relative to nonfailing hearts (shown in Supplementary material online, Figure S4 ). It is noteworthy that similar findings were observed in the Tx mice (see below).
Mouse studies
The histologic and atrial electrophysiologic characteristics of the transgenic mouse model overexpressing constitutively active human TGF-b1 have been published. 6 To ensure a similar phenotype here and to study the phenotypic differences in the atria and ventricles, Sirius red stains of sections from age-and generation-matched transgenic (Tx) and littermate wild-type (Wt) mice demonstrated significant fibrosis in the transgenic atria (TxA) (Figure 2A -C), without any fibrosis or morphologic abnormalities in the transgenic ventricles (TxV). The electrophysiology studies revealed similar phenotypic differences in the atria of Wt and Tx as previously reported 6 and AF was inducible in 78% of Tx and 0% of Wt mice (P , 0.001) ( Figure 3A) . As shown in Figure 3 In contrast, there were no differences in ventricular conduction velocity or pattern. There were no differences in ERP, AP morphology, or AP duration between Tx atria and Wt atria or between Tx ventricle and Wt ventricle ( Figure 3) . Therefore, TGF-b1 overexpression in these mice produced atrial conduction abnormalities (without cellular electrophysiologic abnormalities) and a vulnerable substrate for AF, with no effect on ventricular morphology, histology, or electrophysiology ( Figure 3 ). There were no electrophysiologic differences between TxV and WtV.
TGF-b1 levels and activity in TGF-b1 mice
Quantitative RT-PCR revealed that transgene (human cis 33 ser TGF-b1) expression was similar in the TxA and TxV, but absent in WtV and WtA ( Figure 2D ). Active TGF-b1levels, as assessed by the MLEC assay, was greater in the Tx mice than Wt mice, but were the same in TxA and TxV ( Figure 2E) .
After 5 days of treatment with Ki26894, a specific TGF-b receptor-I kinase blocker, fibrosis-related gene expression decreased in the atria of Tx mice to levels seen in atria of Wt mice (Supplementary material online, Figure S1A -D) . 
Chamber-specific differences in gene expression
Using the Bonferroni correction, reporters for 80 genes (of approximately 30 000 transcripts that were analysed) were statistically different between the TxA and WtA (Supplementary material online, Table S2 ), but only 2 genes differed between the TxV and WtV (Supplementary material online, Figure S2 ). In the TxV vs. TxA comparison, 801 genes were significantly (adjusted P , 0.05) differentially expressed (Supplementary material online, Figure S2C ), while 665 genes were significantly differentially expressed in the WtV vs. WtA comparison (Supplementary material online, Figure S2D ). In Figure 4A , a plot of the log ratios of gene expression from the TxA vs. WtA comparison (X-axis) against those from the TxV vs. WtV comparison (Y-axis) demonstrate a much wider spread along the X-axis than the Y-axis, indicating a more profound TGF-b1 effect in the atria. Of the 82 genes that had a significant interaction effect (adjusted P-values , 0.05) between the two experimental factors-chambers (atria and ventricle) and TGF-b1 genotypes (Tx and Wt)-80 genes displayed TGF-b1-induced expression change in the atria compared with only 2 genes in the ventricle. These genes were divided into categories based on pathways and functional groups using Gene Ontology and GenMapp 2.0 (http://www.genmapp.org) software and are shown in Supplementary material online, Table S2 .
Comparisons of gene expression across Wt and Tx mice were performed using MeV 4.0 (http://mev.tm4.org; Figure 4B-D) . Compared with WtA, most of the genes that were up-regulated in the TxA involve cell growth, growth factor binding, oxidoreductase activity, the TGF-b receptor signalling pathway, and the ECM ( Figure 4B) . None of these genes was altered in the TxV compared with WtV. Most of the genes showing a difference between TxA vs. TxV were also different in the WtA vs. WtV comparison (third column compared with first column in Figure 4C) . A large number of genes were uniquely altered in the TxA compared with the TxV (i.e. not different in the WtA vs. WtV; columns 2 and 4 in Figure 4B ). Figure 4D shows the differential expression of genes related to fibrosis and TGF-b1 signalling. Compared with WtA, AP-1 regulated genes and ECM genes were significantly up-regulated in TxA, but no different between TxV and WtV.
Following identification of 80 genes that were differentially expressed in the atria of Tx and Wt mice, we utilized the software program Gene Map Annotator and Pathway Profiler (GenMAPP) to group these genes into pathways on the basis of their known biological functions. Given the underlying pathophysiology of our Tx mouse model, we elected to focus on genes that belonged to biological pathways involved in TGF-b signalling, fibrosis, and extracellular matrix remodelling (the list of gene groups that we felt met these criteria are Role of TGF-b in atrial fibrosis and AF listed in Supplementary material online, Table S2 ). This approach led to the selection of 10 of the original 80 genes for further analysis. In order to help ensure that this approach did not omit any genes of significance, we also selected 50 additional genes for further analysis based on evidence from the literature supporting their critical involvement in these biological pathways.
These 60 genes believed to have pathophysiologic significance and representative genes with differential expression in the TxA were selected for validation by quantitative real-time RT-PCR (Supplementary material online, Table S3 ). The direction of expression and relative levels were similar in the qRT-PCR and the array experiments for all genes, with good correlation between the two methods ( Figure S3 shows the composite normalized (to b-actin) densitometry values for immunoblotting of 22 proteins (4 measuring phosphorylated state) important in TGF-b1 signalling. None of the ECM proteins (TIMP, MMP, collagen), Smad2 or 3 levels, or TGF-b receptor 1 or 2 levels were different in the TxV. Phospho-Smad2 was increased significantly only in the TxA group, demonstrating that the atrial vs. ventricular differences in TGF-b1 signalling are occurring at the receptor level (either effectors of TGF-b1-binding or receptor kinase activity). It should also be noted that levels of Smad7, an inhibitory Smad, are markedly reduced in transgenic atria relative to wildtype atria. Consistent with the array and qRT-PCR data, many of the AP-1 regulated proteins (IL-6, Lox, Col-I, Col-III) were increased in the TxA, but not in the TxV. 
Discussion
Building on previous animal data, 6, 9 human atrial tissue studies suggest that TGF-b1 is important in human AF. Consistent with animal models showing that heart failure induces atrial fibrosis via TGF-b1 8,9,26 failing human hearts exhibited elevation of TGF-b1 in atria compared with ventricles, with no atrial vs. ventricular differences observed in non-failing hearts. This finding is consistent with our transgenic mouse model in which an MHC-driven constitutively active TGF-b1 transgene is overexpressed equally in the atria and ventricle but produces isolated atrial fibrosis and a vulnerable substrate for AF. The molecular fingerprint of this model demonstrated that, although levels of the signalling proteins (TGF-b1 receptors, Smads, and AP-1) were similar in atria and ventricles, there was no increased ventricular TGF-b1 signalling. In contrast, increased atrial TGF-b1 signalling was present, with AP-1 activation occurring via the classical Smad pathway from TGF-b receptor 1 -2 activation. Notably, levels of Smad7, which has been previously characterized as an inhibitory Smad, 27, 28 were also markedly reduced in TxA. This is a known self-amplifying effect of TGF-b1 signalling and is another sign that TGF-b signalling is occurring in the atria but not in the ventricle. The isolated atrial fibrosis therefore occurs due to differences in TGF-b receptor binding and/or receptor kinase activity, likely from a protein augmenting this process in the atria and/or inhibiting in the ventricle. Fibrosis is an important substrate for AF. Atrial fibrosis and vulnerability to AF has been shown in patients with lone atrial fibrillation, 7, 9 heart failure, 29 and valve disease. 7 In a canine congestive heart failure model, atrial fibrosis results in abnormal atrial conduction and increased vulnerability to AF. 5, 30 In an ovine hypertension model, atrial fibrosis provides a ready substrate for AF, 31 and drugs that limit fibrosis in animal models prevent AF. 5, 32 Animal studies have demonstrated the importance of TGF-b1 in atrial remodelling, 5, 10 and inhibition of TGF-b1 prevents atrial fibrosis, atrial conduction abnormalities, and vulnerability to AF in the dogs with ventricular tachypacing-induced congestive heart failure model. 5 While TGF-b1
is a key mediator of atrial fibrosis in animal models, 5,16 the role of TGF-b1 in human AF has not been previously established. We found that atrial TGF-b1 levels were increased in AF patients. Examination of TGF-b1 levels restricted to patients that later developed AF demonstrated that elevated TGF-b1 preceded the onset of AF, providing evidence for causality. Atria appear to be particularly susceptible to fibrosis. In the canine heart failure model, profound, progressive, and persistent atrial fibrosis occurs, with little fibrosis in the ventricle. 8, 33 AF patients can develop atrial fibrosis or markers of fibrosis prior to the development of any ventricular dysfunction or fibrosis. 7,34 -36 AF can precede the development of congestive heart failure in up to 40% of cases 37 and often precedes ventricular hypertrophy or dysfunction in patients with hypertension or ageing. 38, 39 We have demonstrated that heart failure patients exhibit elevated active TGF-b1 levels and TGF-b1-regulated gene expression in the atria but not ventricles, similar to the findings in the canine heart failure model. To identify molecular differences that may be responsible for this atrial susceptibility to fibrosis, we performed an expression microarray study in our transgenic mouse model. Eighty genes were altered by the TGF-b1 transgene in the atria, but only 2 genes were altered in the ventricle. Consistent with the histologic findings, many of the genes differentially expressed in the atria were mediators of fibrosis (such as collagen and other ECM proteins). Other AP-1-regulated genes (e.g. Col-I, Fn-1, PAI-1, and Lox) were up-regulated in the atria but not the ventricle, demonstrating that the transcription factor AP-1 was being selectively modulated by TGF-b1 in the atria. While there were no significant differences in TGF-bR1 or 2 or Smad protein levels between atria and ventricles, Smad2 phosphorylation was significantly increased in the TxA but not in the TxV. Therefore, the fibrosis occurring in the atria is mediated by the classical Smad pathway. Additional evidence for this is that a TGF-bR1-kinase inhibitor prevented the increase in collagen expression in the TxA. The selective TxA increase in phospho-Smad2 suggests that atrial susceptibility to TGF-b1-induced fibrosis is due to modulators of TGF-b1 receptor binding or modifiers of receptor kinase activity. These effects are likely mediated by a paracrine phenomenon through TGF-b1 production from myocytes and subsequent stimulation of fibroblasts. In our mouse model, both atrial and ventricular myocytes over-produce active TGFb1 (driven by MHC promoter), yet only the atrial fibroblasts seem to be susceptible to TGFb1 signalling in the normal state (without other pathophysiologic stimuli). Pathophysiologic stimulation of the ventricle with ischaemia, infarction, or pressure overload might increase TGF-b1 signalling in the ventricle, but in the absence of such pathophysiology, it appears that the atria are uniquely vulnerable to TGF-b1 signalling via the Smad pathway. In fact, the microarray data indicate that many of the transcripts resulting from TGF-b1 stimulation are changed in a similar manner (but to a lesser extent) in the WtA compared with WtV as they are in the TxA compared TxV (Figure 5) , suggesting a baseline atrial response to TGF-b1.
The microarray experiments revealed several candidate proteins that may contribute to the differential atrial and ventricular response to TGF-b1. For example, endoglin, a protein that modulates TGF-b receptor activity and important in cardiac fibrosis 40 was expressed Role of TGF-b in atrial fibrosis and AF at much higher levels in the atria than in the ventricle. Connective tissue growth factor, which potentiates TGF-b1 receptor binding and activity and appears to be up-regulated in regions of scar formation in MI 41 -44 was also expressed at much higher levels in the atria than in the ventricle. Finally, natriuretic peptide signalling may also be important: B-type natriuretic peptide inhibits fibroblast transformation and collagen production in isolated fibroblast cultures stimulated with TGF-b 45 and an atrial natriuretic peptide frameshift mutation has been found to be important in familial AF. 46 Our microarray data demonstrate significant atrial vs. ventricular differences in several natriuretic peptides and their receptors. Our tissue studies suggest that TGF-b1 is important in human AF and that heart failure patients have a selective increase in atrial TGF-b1. In a mouse model overexpressing constitutively active TGF-b1 equally in the atria and ventricle, the resultant atrial fibrosis is an attractive target for therapeutics to treat or possibly prevent AF. We have demonstrated that the atrial fibrosis is mediated via TGF-b receptor 1/2 complex, the classical Smad pathway, and AP-1. The atrial susceptibility to TGF-b1-mediated fibrosis in the absence of pathophysiologic stimuli (such as MI) appears to be due to augmented TGF-b receptor binding or kinase activity. Pharmacologic interventions aimed at interrupting the specific pathways responsible may provide a novel and particularly selective approach to treating AF.
Limitations
Our study has several limitations that should be considered. First, it is now apparent that AF likely results due to a combination of triggers as well as an abnormal atrial substrate. This study focuses on the vulnerable substrate of atrial fibrillation upon which triggers act to create self-sustaining AF. While fibrosis may also be important for creating triggers, the mouse model studied did not have spontaneous AF. Other animal models of AF do not exhibit spontaneous AF. In addition, there may be other pathways in addition to canonical TGF-b pathway that may be important in producing atrial fibrillation under different physiologic circumstances or other forms of AF (e.g. lone AF or vagal AF) in which fibrosis may not be a central cause of abnormal substrate. The study of atrial fibrosis, in general, provides a focus on the substrate aspect of this complex disease. Indeed, none of the previously reported animal models exhibiting atrial fibrosis, including the mice in this study, exhibits spontaneous AF.
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Supplementary material is available at Cardiovascular Research online.
